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suggested decades ago, I don’t
know.
So now you’re a genomicist?
We’re all genomicists now.
Whether we like it or not, biology
has been transformed. The part to
like is how we can actually
imagine doing this astounding
type of global biology. The part
not to like is how political and
economic pressures impinge on
such megaprojects. Because
genomics is so expensive, we’re
forced to manage science almost
as if it were business. This is what
governments actually want,
because they’ve lost faith that
‘curiosity-driven’ research can
deliver the goods, and are rapidly
redefining what those goods
should be. It’s ironic that as
economic markets become ever
freer, the free marketplace of
ideas is increasingly constrained,
by demands for strategic
relevance and accountability.
That’s the sea change I referred
to earlier. Economies are vital but
so is a deeper understanding of
the universe and our place in it,
which has always to me been the
first goal of science. We need to
make sure that society, in its
eagerness to harvest the fruits of
knowledge, still nurtures the tree
and supports ‘science for
science’s sake’.
Is Science like Art, then? In its
potential purity of motive, I think
so, and in its internal enemies,
which are laziness and self-deceit.
The big difference, in my view, is
that scientists are not supposed to
be too deliberately playful with
their audience, not supposed to
speculate wildly in order to
evaluate the response. That’s what
artists must do to survive, and I
think we could learn from them.
Data are always data and must
always be reported straight and
fully, but we constrain our
interpretations of them too tightly,
for fear of appearing un-objective
or un-authoritative. In fact it is the
scientific community that has the
authority, not us as individuals,
and we should trust and respect it.
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Essay
Systems
neurobiology
without 
backbones
Ralph J. Greenspan
Back in the days when
Introductory Biology courses
consisted of botany and zoology
(about 25 B.C. — Before Cell) the
mainstay of the invertebrate half of
zoology was R.M. Buchsbaum’s
classic work ‘Animals Without
Backbones’ [1]. This book’s
elegantly engraved figures of
coelenterates, annelids and
crustaceans made the creatures
look a good deal more attractive
on the page than they did in the
dissecting trays that constituted
the laboratory portion of the
course. The exposure in these
courses, coupled with the odd
encounter on the beach or when
digging in the garden, accounted
for most of a student’s experience
of the invertebrate world.
At the same time as mid-century
students were learning that
invertebrates had open circulatory
systems, hard or slimy exteriors,
and wonderfully varied body plans,
various members of the
subkingdom were playing a pivotal
role in the history of neurobiology.
A short list of some of the most
notable discoveries and advances
that have become part of the
canon would have to include: the
first recording from a
photoreceptor cell (horseshoe
crab); the first voltage clamp of an
axon (squid); the first report of
presynaptic inhibition (crab); and
the first report of an electrical
synapse (crayfish). All of these
‘firsts’ solved problems or
identified properties that had
immediate and lasting relevance to
all brains, whether attached to a
backbone or not.
Then came the ‘identified cell’
approach, which became the
mantra of invertebrate
neurobiology for the next few
decades [2]. The name refers to the
ability to record isolated responses
from individual cells and to know
where to find those cells in any
individual. As a means of
understanding the parameters
governing an individual cell’s
physiology or the delineation of
particular circuits — by ‘circuit-
breaking’ — it was unequalled by
anything in the vertebrate world
(with the possible exception of
Mauthner cell recordings in fish).
And as long as the contribution of
an individual neuron to a specific
circuit was considered to be stable
and predictable, it held sway. But
as the stability and predictability of
a given cell’s role in its network
came into question, the identified
cell approach lost some of its
luster. Moreover, as a strategy for
understanding the large-scale
interactions among many hundreds
or thousands of cells — a principal
goal of mammalian neurobiology —
it was not even in the running. 
In a return to the spirit of
Buchsbaum, invertebrates have
also been touted for their exotic
specializations: their odd
adaptations of sensory and motor
systems to particular ecological
niches. The courtship song of the
cricket, motion detection by the fly
visual system, swimming in the
leech and aggressive displays in
the lobster exemplify some of the
most informative of these
specializations. Invertebrates have
not, however, been suggested as a
means to unravelling mechanisms
of complex function that are
relevant to human cognition. Those
issues have traditionally been the
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province of ‘systems
neurobiology’.
Systems neurobiology connotes
a class of studies of the
mammalian brain in which
recordings are made during
complex physiological events
occurring in many hundreds or
thousands of cells in the brain. Its
principal aim is to crack the
complexity that underlies
perception, cognition and
sophisticated motor output.
Invertebrate brains are not part of
the picture. Yet, despite this
apparent incompatibility, there is an
incipient discipline emerging that
may well deserve the name
‘invertebrate systems
neurobiology’. Where has this
nascent field come from and what
are its prospects? (As with all
emergent fields, this one had a lone
pioneer — in this case T.H. Bullock,
who has recorded EEGs from a
more diverse array of species than
most of us have ever eaten.)
Invertebrate systems have a
number of features that have
provided an impetus for this new
systems neurobiology. These
include:  surprisingly complex
neural and cognitive functions in
relatively small brains; the ability to
perform single cell electrode
recordings, regional optical
recordings and local field potential
recordings; the coupling with a rich
variety of behavioral outputs; and
the advantages of smallness for
defining circuitry and large-scale
interactions. To the extent that
such approaches can be carried
out in the fruit fly Drosophila, the
potential also arises for genetic
manipulation to be coupled with
physiology and behavior.
Despite the near total lack of
anatomical homology with the
vertebrate brain — with the
exception of olfactory glomeruli —
these animals solve complex
problems and perform cognitive
functions in ways that are
phenomenologically similar to
vertebrates. For example,
honeybees can be trained to
abstract features, such as
asymmetry, independently of
specific patterns. They have also
been shown to be capable of map
learning over wide areas, while
cockroaches have been shown to
learn local position-specific cues.
Both honeybees and fruit flies
exhibit contextual learning, and
jumping spiders can solve mazes
visually prior to entering them. Fruit
flies, for their part, display the
proto-attentional faculties of
selective discrimination, as well as
a behavior similar to mammalian
sleep in most of its essential
features (if one considers sleep as
a cognitive state that is the
converse of consciousness).
Striking enough as these
phenomenological similarities are
in their own right, it would be even
more remarkable if they turned out
to reflect underlying mechanistic
similarities. In invertebrate studies,
physiological recordings have
generally not been taken from
animals performing such
sophisticated tasks; recording from
flying honeybees is not yet routine.
Studies of tethered animals
performing somewhat simpler
tasks, however, have revealed
physiological and anatomical
mechanisms that mirror those in
vertebrates: for example, the
activity patterns and oscillations
generated in olfactory glomeruli of
the locust, honeybee, sphinx moth
and fruit fly in response to odorants
are similar to those recorded from
the vertebrate olfactory bulb, and
cells in the honeybee brain
mediating the reinforcing function
of an unconditioned stimulus
correspond to vertebrate value
systems. Local field potentials
within a characteristic frequency
range serve as a physiological
signature in the fruit fly for the
proto-attentional properties of
stimulus discrimination,
expectancy and sustainability.
Moreover, these responses in the
fruit fly occur with an increase in
coherence between brain regions,
analogous to that seen with
mammalian gamma rhythms during
attentional tasks.
Given the lack of anatomical
conservation, the presence of any
mechanistic similarity at a level
greater than that of one or a few
cells raises the interesting
possibility that brains are
constrained to solve certain
problems in particular ways and
that there may well be common
principles of organization,
processing and achievement of
emergent properties, despite the
anatomical differences. Even
though the morphological anatomy
appears to be different, aspects of
functional anatomy may be similar.
What advantages, if any, do
these animals bring to the study of
systems level brain function?
Smallness helps in any attempt at
making measurements that sample
across a system. Tangible steps in
this direction have already been
taken in the form of optical
recordings and multi-electrode or
multi-channel electrode recordings
in these insects, where they have
been applied to studies of olfactory
processing in bees and flies, and to
attention-like behavior in flies.
Smallness also helps when one
wants to introduce perturbations to
probe such a system. Some new
technologies have recently
complemented older ways of
perturbing various parts of the
nervous system genetically. In
addition to the traditional
menagerie of behavioral mutants,
there are now transgenes in the
fruit fly that alter physiological
parameters, which can be targeted
to any set of neurons — a
temperature-sensitive dynamin for
transiently blocking synaptic
transmission or a mutant
potassium channel for
hyperexciting neurons — enabling
not only a neo-classical version of
the ‘circuit-breaking’ traditionally
carried out in invertebrates, but
also a controlled turning up or
down of the cells’ activities in the
behaving animal. These tools have
already illuminated the studies of
learning and memory, courtship
and proto-attentional processes in
the fruit fly. (Courtship may not
seem, at first glance, to involve
much in the way of higher cognitive
function, but as a complex
progression of coordinated neural
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tasks, it actually serves as a model
for sequential cognitive functions.) 
Smallness is a great advantage
when one wants to model a
system, and invertebrate nervous
systems have long served as
subjects for modellers. Generally,
these have been relatively local
models involving a single structure
in the nervous system. But with
the advent of physiological
techniques to sample more widely
and with perturbations that can be
directed at combinations of brain
regions, modelling on a more
global scale becomes accessible.
The preparation may lack
backbone, but its potential for
systems neurobiology does not.
Finally, there is yet another virtue
to probing the breadth and depth
of complex brain function in
Buchsbaum’s subkingdom, quite
separate from whatever similarities
they may share with us ‘higher’
(sic) creatures. That virtue was
recently summarized by T.H.
Bullock [3] who, in addition to
being one of the pioneers of
invertebrate neurobiology, has also
been one of its principal
missionaries and practitioners: “We
are seriously lacking in knowledge
of what the actual differences are
between less complex and more
complex brains, particularly in their
physiology. Crude, low
magnification histology tells us
there are marked differences
between taxa of several grades of
complexity, but in spite of off and
on claims of more speech cortex
and prefrontal lobes in humans, we
have no neural basis for the vast
differences in behavioral
complexity between humans and
other species.” We have our work
cut out for us.
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Quick guide
Systems biology
Mitchell P. Levesque and Philip N.
Benfey
Zeitgeist redux? A Medline
search for ‘systems biology’
reveals an interesting trend: the
number of papers that mention
this phrase has gone from less
than 10 in the year 2000, to over
140 in 2003. But the application of
systems theory to biology is not
new: initial attempts date back to
the 1940s. The renaissance was
sparked by completion of the
human genome sequence, and
fueled by a proliferation of data
from the genomics revolution. The
availability of powerful
computational tools and broad-
band internet connections has
also greatly facilitated the analysis
and distribution of vast datasets,
on which systems biology is
largely based.
What exactly is systems biology?
It all depends on whom you ask,
but there are at least two general
camps of people doing, and talking
about systems biology. What they
have in common is a focus on
understanding the components
and dynamic behaviors of
biological systems. The first group
can be thought of as the
panomicists. These researchers
combine different high-throughput
data, such as transcriptomes and
proteomes, to formulate and test
hypotheses about the components
and connectivity of biological
networks. For instance, the
integration of protein–DNA binding
data with clustered transcriptional
expression data provides a more
reliable basis for inference of
genetic network topology than
either single dataset. This group
attempts to determine the system
structure on which systems biology
is predicated.
However, the reconstruction of
genetic networks is different from
modeling networks as complex
systems. And this is where the
second group, the dynamicists,
comes in. These researchers apply
principles of systems theory to the
modeling and testing of biological
system dynamics. An excellent
example of this was the
identification by Alon et al. of the
elements of an ostensibly simple
phenomenon, bacterial
chemotaxis, that display
robustness as a result of protein
network topology.
In addition to these two groups
of systems biologists, there is a
great deal of interest in developing
tools to design and control
biological systems. This forward
engineering approach has found
some success in devising
molecular oscillators, but more
complex biological machines are
undoubtedly on the way.
Emergence of a system. A
central concept in systems theory
is that the interaction of several
agents, such as proteins in the
chemotaxis network, can exhibit a
new emergent state as a
consequence of their interactions.
It is this property of biological
systems, emergence, which has
many people in the field talking
about a paradigm shift in
biological research. 
Without question, the reductionist
pursuit of molecular biology has
been a tremendous success story.
Systems biology today would not
be possible without the tools and
knowledge that the reductionistic
approach to identifying system
components has provided. But it is
not always possible to understand
the behavior of a complex system
simply by scaling up the properties
of its individual parts. 
Hiroaki Kitano, one of systems
biology’s pioneers, uses the
analogy of a detailed roadmap. As
useful as it may be to understand
the components and connectivity
of towns and malls, it doesn’t
reveal much about traffic patterns
and how to best control them. This
can also be said of the map of
molecular networks that is
currently being assembled. It will
require dynamic systems
monitoring, modeling, and testing
to understand its organization and
complex behavior.
Newton’s blade of grass. In this
sense, the reductionist approach
of finding ever smaller parts and
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